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Abstract 
 
Deposition systems utilizing plasma are used for a variety of tasks, including tool 
coatings and creating thin-film materials.  In order to have repeatable results, the internal 
conditions of a plasma chamber need to be known.  This project centered on the use of 
data from optical emissions and a Langmuir probe from an argon plasma amorphous 
silicon depositing system.  An electron energy distribution function (EEDF) was obtained 
from manipulation of the Langmuir probe data.  This EEDF was then input to an argon 
collisional-radiative model (CRM) to obtain the electron population of the 4p level of the 
argon plasma.  Through an absolute calibration, the same 4p population will be studied 
by the optical emissions experiment.  The result from the Langmuir study was that the 4p 
population was 5x1013 m-3, while the optical emissions result was 2x1013 m-3.  These are 
reasonably close values, well within a range of verification, but further study needs to be 
done to confirm these results. 
Introduction 
 
 Plasma chamber deposition systems are used in coating various tools and devices, 
such as alpha-alumina on tool bits and orthopedic devices, in the creation of thin-layer 
materials, as in the case of amorphous silicon (a-Si), and many other applications.  
Amorphous silicon has many applications, but is mostly used for liquid crystal displays 
and large-area solar energy cells.  The system used in this study is an a-Si deposition 
chamber, specifically an R&D plasma system designed by MVSystems, Inc. While the 
deposition was not utilized or studied during these experiments, the development of 
techniques for characterization of the plasma is valuable in producing repeatable results 
of a desired a-Si quality. 
Generally, Plasma is made by using a power source to excite molecules of a gas, 
in our case argon.  This argon plasma is 
full of excited electrons, ions, and 
neutral particles.  These particles quickly 
reach a steady state, where the number 
of electrons being excited equals the 
number that fall back to lower levels to 
keep the neutral charge of the plasma.  
To the right is a chart that has the 
different energy levels electrons can 
belong to in an argon atom [1].  These different levels are well known and the 
probabilities for electrons belonging to these different levels are relatively easy to 
Figure 1 - Argon Electron Energy Levels 
calculate.  Describing a model for the energy of these electrons can be used following a 
Maxwellian electron energy distribution function (EEDF) if the plasma is at thermal 
equilibrium.  Thermal equilibrium is difficult to achieve.  Since the electrons in the 
plasma have such smaller mass than ions, they heat much faster and interact with other 
species more rapidly.  These temperature differences are what cause the system to be 
categorized as non-Maxwellian.  Our system is not at equilibrium and therefore we 
follow a non-Maxwellian approach to our EEDF, which describes the plasma through the 
average energy of the ions and electrons, rather than simplifying these energies down to 
their equilibrium levels, as could be done if the system were Maxwellian.  This is what is 
meant by a collisional-radiative model (CRM).  The probabilities of electrons populating 
certain levels are calculated based on inputs of conditions in the chamber, which then 
gives enough information to determine the excited state population density of the 
different energy levels.   
The CRM used in this study was produced by a former PhD student in the 
University of Arkansas Mechanical Engineering department [2].  The different levels of 
electrons are merged together into average conglomerations of the levels in his model.  
What this means is that for each electron level, there may be several sublevels and many 
electrons contained therein.  The way the CRM handles these multiple species is to 
average the energies.  For example, the 4p electron level has 6 different sub-levels, but 
these are all averaged into one 4p population. 
A Langmuir probe was used to find the population density of electrons and ions 
inside the plasma at the center of the reaction chamber.  The probe can be moved to find 
these densities at any point along an axis in the chamber.  Measuring at the center of the 
reaction chamber gives a good average for what is happening, and is what was done in 
this experiment.  By applying different potentials to the probe, it attracts either ions or 
electrons to it.  A negative potential will attract the positively charged ions and a positive 
potential will attract the negatively charged electrons.  These attractions are recorded by 
the probe as a current, which can then be used to find the electron energy distribution 
functions (EEDFs) through mathematical manipulation of the data.  This EEDF is then 
used as input to the CRM mentioned above to find the 4p population. 
Alongside the Langmuir probe experiment, optical data was taken from the 
chamber through the use of a fiber optic sensing system.  The fiber optic system catches 
the light coming off the plasma.  This light represents the energy of the electrons falling 
to lower energy levels from higher energy levels.  The sensing system records values of 
intensity of the light at different wavelengths, which can tell us what energy level these 
electrons belong to.  The National Institute of Standards and Technology (NIST) database 
gives known values from countless experiments of what atoms these electrons should 
belong to and the energy of the electrons based on the wavelength at which the intensity 
peak was found.  The NIST database also gives other information concerning the specific 
intensity line which was needed in the calculations made, including the Einstein 
transition probability and the degeneracy.  The end result of the optical emissions 
calculation is a measurement of the 4p population.   
A 4p population can give the needed information to calculate the ground state 
electron population, which cannot be measured directly and is useful in determining what 
reactions will happen inside the plasma chamber.  Having the ground state electron 
population will characterize the specific conditions in the chamber in a unique form.  In 
this way, if a particular result with the a-Si deposit needs to be reproduced, analyzing the 
ground state population would be a good way to determine that the conditions in the 
chamber are exactly right. 
 
Experiment 
 
Optical emissions spectroscopy (OES) and the utilization of a Langmuir probe are 
common methods for characterizing plasmas [3-6].  OES is an extremely easy, relatively 
fast and very unintrusive method of data collection for analyzation of plasma chambers.  
Relative calibration is often used in most OES studies [7].  This study as well as others 
uses an absolute calibration to compare against a CRM [11].  Absolute calibration differs 
from relative calibration in that the experimental setup for the calibrations step and the 
plasma chamber data collection are exactly the same.  By utilizing the same setup, the 
exact energy levels are known, rather than just having the knowledge that one level’s 
energy in relation to other levels.  The Langmuir probe is used to find the electron density 
of the plasma as well as for deriving an EEDF.  There are commercially available 
programs that can estimate these values, such as ELENDIF, but direct measurement by 
probe is preferable [8,9].     
Our system was an a-Si deposition chamber in a multi-chamber R&D system 
designed by MVSystems, Inc.  This was a radio frequency magnetron plasma run at 
150W and 5 mTorr, with an argon flow rate of 20 sccm. 
As mentioned before, since an absolute calibration was used, the exact setup for 
taking OES data was utilized for measurement of the calibration and the plasma chamber 
itself.  Data were taken from 350 to 1000 nm using an OceanOptics USB 4000 CCD.  A 
viewport on the side of the plasma chamber was used to capture light, and a 50 W 
tungsten lamp source was used for the calibration.  In order to keep an identical setup, an 
optical breadboard was used to assemble the array of lenses needed to focus the light into 
the fiber optic cable used for input into the computer system.  Figure 2 shows a diagram 
of the setup used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 25 cm focal length plano-convex lens with planar side facing the chamber, an 
aperture stop, and a 10 cm focal length plano-convex lens with planar side aimed away 
from the chamber were assembled on the breadboard.  They were calibrated so that the 
lenses were centered on the viewport and the end of the fiber optic cable was centered on 
the other side of the setup.  During the tungsten lamp calibration, the lamp was placed 
approximately the same distance away from the 25 cm focal length lens as the center of 
the plasma, and a 0.1% filter was inserted into the setup.  The filter was needed because 
Figure 2 - Setup for OES Data Collection 
of the relatively bright intensity of the lamp in comparison to the plasma chamber glow.  
If it was not used, the CCD array would have been constantly saturated, giving unusable 
results.  The data was taken from the tungsten lamp at an integration time of 75,000 µs, 
while the plasma chamber data was taken at an integration time of 100,000 µs.  Neither of 
these differences would affect the integrity of the absolute calibration, as they can be 
corrected during the calculation phase of the experiment.  
The last piece of data needed to complete the absolute calibration is the 
temperature of the system.  To calculate this, we use a Pyro-micro vanishing filament 
optical pyrometer to get readings of temperature versus emissivity for the tungsten bulb 
which can then be used to find the temperature of the system. 
Separately, the Langmuir probe was used to gather data on the electron density of 
the plasma.  A tungsten tip, 10 mm in length and 0.15 mm in diameter was used for the 
Langmuir probe data collection.  Before calculations were performed, the data were 
smoothed using digital filters.  This is important, as noisy data will produce poor results 
as calculations will expand small deviations to very large deviations.  The electron 
density was estimated from the slope of the electron saturation current [14].  
Because the system has only one viewport, the OES and Langmuir probe data 
could not be taken concurrently.  However, since the system produces repeatable results 
within a 5% margin of error, this method for acquiring the data at different times was 
found to be acceptable.  
Theory 
 
The absolute calibration depends on a few important equations.  The first is that 
of the excited-state density, nm.  This value is found through Equation 1, which relates the 
density to the true plasma intensity, Imn, the known wavelength of transition λmn, and the 
Einstein transition probability, Amn: 
 
 
 
 
where h is Planck’s constant and c is the speed of light.   
 Amn is obtained in this study from the NIST database [13], but the other unknown, 
Imn, is found through the use of the absolute calibration.  The relationship of Imn to data 
taken from the system is given in Equation 2. 
 
  
 
 
where Vplasma is the reading of counts for a particular wavelength of the plasma and Dλ is 
the conversion factor to convert this count reading from a known source (lamp) to the 
desired source (plasma).  Equation 2 is most of what the absolute calibration boils down 
to.   
The conversion term Dλ is described by Equation 3: 
Equation 1 - Excited State Density 
Equation 2 – True Plasma Intensity 
  
 
 
 
 
 
where dplasma is the depth of the plasma, dλ/dx is the linear dispersion of the 
spectrophotometer, and wexit is the width of the exit slit of the spectrometer.  On the 
bottom of the equation for Dλ is Planck’s function for intensity.  There are constants h, 
Planck’s constant, k, Boltzmann’s constant, and c, the speed of light.  By calculating this 
term, the response of the spectrometer is now known.  This means that since the 
spectrometer was used on a known emitter, the response of the spectrometer for other, 
unknown sources can now be calculated. 
 T in Equation 3 is the temperature of the tungsten source, found using an optical 
pyrometer in conjunction with emissivity values from Larrabee (Equations 4, 5, and 6) 
[12].  
 
 The pyrometer was used to find emissivity versus temperature for the tungsten 
light source.  The values found from this data collection are on the next page in Table 1.   
Equation 3 - Intensity Conversion Factor 
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Equations 4-6 - Larrabee Equations 
 Emissivity Tu (K) Tε (K) 
0.38 2721 3091 
0.39 2719 3078 
0.40 2721 3069 
0.41 2719 3056 
0.42 2719 3046 
0.43 2721 3038 
0.44 2720 3028 
                                                            Table 1 - Pyrometer Data 
  
The linear regression of this data is found and then plotted against that of the applicable 
Larrabee equation.  The effective wavelength of the pyrometer used is 655 nm.  This 
value is used in Equation 5 to plot a linear function.  The intersection of Equation 5 and 
the linear regression of the data in Table 1 is the temperature of the system and is shown 
below in Figure 3. 
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Figure 3 - Interception of Pyrometer Data and Larrabee Equation 
 After the required variables are found and the density of the excited state is 
known, these values can be compared to those found through the use of the CRM with 
data from the Langmuir probe.  All needed transition data are found through the NIST 
database and are provided in Table 2.   
Wavelength (nm) Aki (s-1) gk εk (eV) 
751.4651 4.02E+07 1 13.2730373 
763.5105 2.45E+07 5 13.1717769 
801.4785 9.28E+06 5 13.0948717 
811.5311 3.31E+07 7 13.0757149 
842.4647 2.15E+07 5 13.0948717 
912.2967 1.89E+07 3 12.9070145 
                                                        Table 2 - NIST Database Values 
 
Results and Discussion 
 
Figure 4 on the next page shows the uncorrected data collected from the plasma 
chamber.  A second collection of data with the chamber turned off was taken in order to 
get the background light from the room.  This background signal is then subtracted from 
the raw data.   
The emission data from the tungsten lamp required three corrections.  The first 
was to correct for the assumption in our calculations that the lamp is a solid emitter.  The 
tungsten lamp has a series of coils that emit light, and so what is needed for this 
correction is a determination of what the lamp would emit were it a solid emitter.  For 
this, it was estimated that the surface coil to solid ratio of the lamp is 0.625.  The data 
taken from the system are therefore multiplied by the reciprocal of this relationship to 
increase the signal to that which would be expected had the lamp actually been a solid 
emitter.  The second was a correction for the difference in integration time between the 
lamp data acquisition and the chamber data acquisition.  This correction is also simple, as 
the intensity is multiplied by the ratio of the integration time for the plasma chamber to 
the integration time of the tungsten lamp.  The third was a correction for the filter that 
was in place for the lamp setup but not the chamber setup.  This filter was needed 
because the lamp signal was too strong for the CCD detector when optimized to record 
the relatively weak plasma signal.  This also just required a multiplier to correct.   
 
 
 
 
 
 
 
 
 
 
 
As outlined in the theory section, the densities of the atomic excited states were 
calculated.  Figure 5 on the next page shows these data and indicates that the absolute 
densities are in the 1013 and 1014 m-3 range.  Since the CRM groups all 4p states into one 
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Figure 4 - Raw Emissions Spectrum 
super-state at 13.171eV, we use the 763.5nm transition for comparison (2x1013 m-3).  
Note that for reference, a best fit line is also included.   
 
 
 
 
 
 
 
 
 
 
The Langmuir probe was used to obtain an electron energy distribution function 
to input to the CRM.  The CRM only accounts for argon in the plasma, but although there 
will be some silicon sputtered into our plasma, there have been previous studies 
conducted under similar conditions with this CRM with good results [10].  The EEDF 
from the Langmuir probe that was used as input for the CRM is shown in Figure 6.  The 
measured electron density from the probe was 1.8x1016 m-3.   
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Figure 5 - Argon Excited-State Plot 
  
 
 
 
 
 
 
 
 
The CRM output contains 25 electron energy levels, but the 4p population that we 
are interested in is a conglomeration of all the different 4p states.  As mentioned before, 
the 763.5nm line from the absolute calibration is used to estimate the 4p population.  This 
estimation stems from the average energy of the 4p state from the CRM being 13.171eV, 
the same as the upper state energy of the 763.5nm line.  From the OES, the 4p population 
was estimated to have an absolute density of 2x1013 m-3, while the population was 
estimated at 5x1013 m-3 from the CRM.  These values are also in the range that is 
expected, as found from previous research [9, 10]. 
 
Conclusions 
 
From the analyzation of OES and Langmuir probe data, a comparison can be 
made of the 4p excited-state population of the Ar a-Si plasma chamber.  The 4p 
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Figure 6 - Langmuir EEDF 
population was found to be 2x1013 m-3 from the absolute calibration of the OES data, 
while the 4p population was found to be 5x1013 m-3 from the CRM output that is based on 
the Langmuir probe data.  These two values seem to match well, and it is hoped that 
further measurements can be performed to help characterize the plasma created in this 
chamber in order to improve the quality of a-Si formed in this chamber.  
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